N-Acylethanolamines (NAEs) are endogenous lipids in plants produced from the phospholipid precursor, N-acylphosphatidylethanolamine, by phospholipase D (PLD). Here, we show that seven types of plant NAEs differing in acyl chain length and degree of unsaturation were potent inhibitors of the well-characterized, plant-specific isoform of PLD-PLD␣. It is notable that PLD␣, unlike other PLD isoforms, has been shown not to catalyze the formation of NAEs from N-acylphosphatidylethanolamine. In general, inhibition of PLD␣ activity by NAEs increased with decreasing acyl chain length and decreasing degree of unsaturation, such that N-lauroylethanolamine and N-myristoylethanolamine were most potent with IC 50 s at submicromolar concentrations for the recombinant castor bean (Ricinus communis) PLD␣ expressed in Escherichia coli and for partially purified cabbage (Brassica oleracea) PLD␣. NAEs did not inhibit PLD from Streptomyces chromofuscus, and exhibited only moderate, mixed effects for two other recombinant plant PLD isoforms. Consistent with the inhibitory biochemical effects on PLD␣ in vitro, N-lauroylethanolamine, but not lauric acid, selectively inhibited abscisic acid-induced closure of stomata in epidermal peels of tobacco (Nicotiana tabacum cv Xanthi) and Commelina communis at low micromolar concentrations. Together, these results provide a new class of biochemical inhibitors to assist in the evaluation of PLD␣ physiological function(s), and they suggest a novel, lipid mediator role for endogenously produced NAEs in plant cells.
Hydrolysis of membrane phospholipids by phospholipase D 2 (PLD, EC 3.1.4.4) activity in plants has been known for decades (Hanahan and Chaikoff, 1947) ; however, its precise physiological roles in plants are only beginning to be understood (for review, see Chapman et al., 1998; Munnik et al., 1998; Wang, 2001b) . Recent evidence at the molecular level indicates that there are at least four functional isoforms of PLD in higher plants, designated ␣, ␤, ␥, and ␦, and their biochemical properties differ substantially (Wang, 2001a) . PLD␣ catalyzes the wellcharacterized transphosphatidylation activity, which requires millimolar concentrations of Ca 2ϩ for optimal activity. At least two isoforms (␤ and ␥) appear to be optimally activated by micromolar concentrations of Ca 2ϩ and binding of inositol-containing phospholipids (Pappan et al., 1997) , and these exhibit phospholipid substrate selectivity that differ markedly from that of PLD␣ (Pappan et al., 1998) . The recently described PLD␦ activity is membrane associated and activated by free oleic acid .
Evidence for the physiological function of PLD␣ points to a role in the degradation/reorganization of subcellular membranes, as well as a role in signal transduction (for review, see Chapman et al., 1998) .
This membrane degradation is manifested at the cellular level by loss of compartmentation leading to cell death, such as in phytohormone-initiated, PLDmediated senescence (Thompson, 1988; Fan et al., 1997) . The unregulated activity of PLD␣ in plant cells, then, potentially would lead to membrane damage and loss of cellular function, and cells likely have mechanisms in place to regulate PLD␣ activity. In addition, a signal transduction role for the PLD␣ isoform has been implicated from studies in several plant systems in which PLD␣ mediates, in part, the cellular responses to abscisic acid (ABA; Fan et al., 1997; Ritchie and Gilroy, 1998; Jacob et al., 1999; Frank et al., 2000; Sang et al., 2001) .
Recent evidence in tobacco (Nicotiana tabacum) cells indicated that a novel class of lipids, N-acylethanolamines (NAEs), was released from the membrane phospholipid, N-acylphosphatidylethanolamine (NAPE), in a signal-mediated fashion Tripathy et al., 1999) . A PLD-type activity was identified that hydrolyzed NAPE to NAE in vitro , and a subsequent biochemical survey of PLD catalytic properties of recombinant isoforms (Pappan et al., 1998) suggested that the activity in tobacco microsomes likely was attributed to the ␤ or ␥ isoforms. Moreover, although PLD␣ hydrolyzed virtually all other phospholipids, it did not catalyze the formation of NAEs from NAPE. Ethanolamine-containing lipids appear to be particularly important in modulating the activity of PLDs. High levels of phosphatidylethanolamine (80 mol%) are important in general for optimal PLD activity in vitro (Wang, 2001a) . Furthermore, lysophosphatidylethanolamine (LPE) was recently shown to be inhib-itory toward cabbage (Brassica oleracea) PLD␣ (Ryu et al., 1997) . These data, as well as the varied and potent biological activities ascribed to NAEs in animal systems (Di Marzo, 1998) , prompted us to hypothesize that plant NAEs might act as lipid mediators to modulate PLD␣ activity.
Here, we report that seven NAE molecular species inhibited PLD␣ activity, and those types of NAEs recently identified in elicitor-treated plant cells Tripathy et al., 1999), N-lauroylethanolamine (NAE 12:0) and N-myristoylethanolamine (NAE 14:0), were the most potent, with IC 50 estimates in the nanomolar range. Treatment of epidermal cell layers of tobacco and Commelina communis with NAE 12:0 abrogated the ABA-induced closure of stomatal guard cells, a process mediated by PLD␣ (Jacob et al., 1999; Sang et al., 2001) . Together, our results suggest a novel lipid-mediator role for NAEs in higher plants as a potential endogenous inhibitor of PLD␣, and they suggest that products of PLD␤ or ␥ (NAEs) can regulate the activity of PLD␣ in plant cells. This may represent a mechanism for protecting cell membranes from unregulated PLD␣-mediated phospholipid degradation, and for attenuating ABA signaling pathways.
RESULTS

NAE and PLD␣ Activity
NAE types identified previously in various plant species were synthesized from ethanolamine and the respective acyl chlorides, and were 95% to 99% pure as judged by thin-layer chromatography (TLC) and gas chromatographymass spectrometry . All NAE types inhibited the activity of castor bean (Ricinus communis) PLD␣ expressed in Escherichia coli cells ( Figs. 1 and 2 ). All NAEs were effective inhibitors at high concentrations (200 m), similar to the concentrations reported for LPE (Ryu et al., 1997) . In general, the long-chain, unsaturated NAEs demonstrated less inhibitory effects on castor bean PLD␣ than did saturated or shorter chain types (Fig. 1) . In the presence of 50 to 200 m NAE 12:0 or NAE 14:0, the castor bean PLD␣ was completely inactive (not shown). As a consequence, submicromolar to low micromolar concentrations of these NAEs were tested for their inhibitory effects on recombinant castor bean PLD␣ (Fig. 2) . The inhibitory effects of NAE 12:0 and NAE 14:0 on PLD activity were similar and were evident at submicromolar concentrations. To evaluate the extent of NAE inhibition on PLD from different species, we examined the effects of NAE on partially purified cabbage PLD␣ and a commercial preparation of Streptomyces chromofuscus PLD. The cabbage PLD␣, like the castor bean PLD␣, does not catalyze the hydrolysis of NAPE in vitro (see Pappan et al., 1998) , whereas the S. chromofuscus enzyme does (Schmid et al., 1986 ), yet both are optimally active toward many phospholipid classes at mm amounts of Ca 2ϩ . Figure 3 shows that NAE 12:0 and NAE 14:0 at submicromolar to low micromolar amounts were potent inhibitors of cabbage PLD␣ in a manner similar to the castor bean enzyme, but these NAEs had no effect on the activity of S. chromofuscus PLD. In separate control experiments, exogenous myristic acid up to 10 m did not influence the activity of the cabbage or the castor bean PLD␣ (data not shown). Other workers have demonstrated that ethanolamine itself has no inhibitory effect on PLD (Ryu et al., 1997) , suggesting that the inhibitory effect of NAE is conferred by a structural specificity of the entire molecule, and may be an inherent property of plant PLD␣ isoforms.
Substrate concentration experiments with increasing amounts of PC in the presence of NAE 14:0 supported conclusions that NAE inhibits the activity of PLD␣ (Fig. 4) . NAE 14:0, in a concentrationdependent manner, inhibited cabbage PLD activity at all substrate (PC) concentrations examined. Although kinetics of membrane-associated enzymes like PLD are complex and should be interpreted with caution (Carmen et al., 1995) , inhibition of PLD␣ by NAE is not likely to be competitive because inhibition is not reversed at high substrate concentrations. The data indicate that the apparent V max of PLD with PC substrate was reduced by a factor of three in the presence of 1 m NAE 14:0. The apparent K m of PLD toward PC was decreased somewhat by adding NAE 14:0, suggesting that NAE increases the affinity of PLD for PC substrate (or perhaps more accurately, affinity for substrate-containing liposomes). It is possible that NAE promotes a membrane surfaceassociated, inactive state of the enzyme, but the precise mechanism by which NAE acts to inhibit PLD activity must await detailed kinetic analyses and structural information for PLD enzymes. Two other plant PLDs, Arabidopsis PLD␤ and ␥, were evaluated for their influence by NAE (Fig. 5) . Both of these enzymes produce NAE from the phospholipid precursor NAPE in vitro. NAE 12:0 did not influence the transmethylation of PC by PLD␤, whereas NAE 12:0 (at 10 m) inhibited PLD␥ by about 50%, albeit not as potently as PLD␣. NAE 14:0 appeared to stimulate somewhat the activity of PLD␤, whereas it had no significant effect on PLD␥ activity.
NAE inhibition of PLD␣ in vitro raised the possibility that NAE could act as a lipid mediator to regulate PLD␣ activity in vivo. We predicted that exogenously supplied NAE would delay or prevent ABA-induced closure of stomatal guard cells, a process clearly shown by transgenic approaches to involve PLD␣ (Sang et al., 2001) in vivo. Stomatal apertures, measured at the midpoint between two adjacent guard cells, were significantly greater in epidermal peels of tobacco leaves treated with NAE (1 or 10 m) and ABA (10 m) compared with those treated with ABA alone, after 30 min (P Ͻ 0.0001) and 60 min (P Ͻ 0.0001; Table II ). Effects were more pronounced at higher concentrations of NAE. Results were generally similar for measurements made with C. communis guard cells under the same conditions (Table III) . The inhibitory effect seemed specific to NAE 12:0 because lauric acid (a 12-carbon free fatty acid) did not prevent the ABA-induced stomatal closure (P Ͼ 0.4; Table IV ). This was consistent with what was observed in vitro where free fatty acid had no effect on PLD␣ activity. Hence, NAE 12:0, in two plant species, appeared to inhibit ABA-induced stomatal closure, consistent with inhibition at the biochemical level of PLD␣.
DISCUSSION
Previous studies where PLD isoforms were expressed in E. coli to examine the activity toward NAPE indicated a key difference of the PLD␤/␥ isoforms compared with PLD␣ (Pappan et al., 1998) . Only PLD␤ and ␥ isoforms were able to catalyze the formation of NAE from NAPE in vitro, whereas PLD␣ was inactive toward this substrate. NAEs were formed in tobacco cell suspensions, and a PLD activity was identified in microsomes that catalyzed the formation of NAE from NAPE in vitro . As a consequence, we proposed that activation of PLD␤ or ␥, but not ␣, was responsible for the metabolic release of NAEs from tobacco cell suspensions. These NAEs were identified structurally as NAE 12:0 and NAE 14:0, and NAE formation was subsequently shown to occur in leaves of intact tobacco plants (Tripathy et al., 1999) . Inhibition of PLD␣ by endogenous metabolites of PLD␤ (or ␥) may Figure 5 . Comparison of NAE effects on recombinant castor bean PLD␣, recombinant Arabidopsis PLD␤, and recombinant Arabidopsis PLD␥ expressed in E. coli. Assays were conducted as described in "Materials and Methods." Relative PLD enzyme activity is plotted for comparative purposes in the presence of 10 M NAE 12:0 or NAE 14:0. Bars represent the mean and SD of three independent experiments. Control activity is the activity toward PC substrate alone; for PLD␣, it was the rate of PC hydrolysis (1.3 mol h Ϫ1 mg Ϫ1 protein), and for PLD␤/␥, it was rate of PC transphosphatidylation (␤, 85 nmol h Ϫ1 mg Ϫ1 protein; ␥, 72 nmol h Ϫ1 mg Ϫ1 protein). (Lukowski et al., 1996) , synaptojanin (Kim et al., 1996) , and clathrin assembly protein (Lee et al., 1997) , as well as several lipids including ceramide (Venable et al., 1996) , alkylphosphate esters (Dittrich et al., 1996) , and lysophosphatidyl-Ser (Kawabe et al., 1998 ). An intriguing observation indicated that oleate-dependent PLD from rat brain was inhibited by several acidic phospholipids, of which polyphosphatidylinositolbisphosphate (PIP 2 ) was the most effective inhibitor (Kanfer et al., 1996) . By contrast, the PIP 2 -stimulated PLD was inhibited by oleate (Hammond et al., 1995) . This unique interaction in which an activator for one PLD isoform is an inhibitor of another gives an example of possible PLD regulation and "crosstalk" between different PLD isozymes in eukaryotic cells. The hydrolysis of NAPE by PLD␤ and ␥ to form NAE and its inhibition of PLD␣ may be a similar form of regulation between the different PLD isozymes that is distinctive to plant cells because animal systems do not appear to have a PLD␣ ortholog (Wang, 2001b) .
LPE was shown recently to inhibit plant PLD␣ and to have a profound effect on the physiological symptoms associated with postharvest senescence of flowers and fruits (Ryu et al., 1997) . It is interesting that there are two key differences between LPE and NAE inhibition of PLD␣. First, LPE inhibition of PLD (like akylphosphate ester inhibition of mammalian PLD; Dittrich et al., 1996) increased with increasing chain length and unsaturation, opposite to NAE (Figs. 1 and 2; Table I ). Although the conditions that favor LPE formation in plants remain to be elucidated, and the amounts and types of endogenous LPE in plant tissues are uncertain, the similar down-regulation of PLD␣ by these structurally diverse ethanolaminecontaining lipids is of interest. LPE and NAE are derived from different phospholipid precursors and are produced by different phospholipase classes, which implies that plant cells may possess two alternative mechanisms for accomplishing the same purpose of down-regulating PLD␣ activity in vivo. The second notable difference is in the concentration range for inhibition. LPE 18:1 was the most potent inhibitor of cabbage PLD␣, and this was in the range of 10 to 200 m (Ryu et al., 1997) . NAE 12:0 and NAE 14:0 were the most potent inhibitors of castor bean and cabbage PLD␣ activity, and this was in the range of 0.1 to 1 m (Figs. 2 and 3) , two orders of magnitude lower than LPE and within the concentration range of NAEs measured in vivo in plant tissues (for summary, see Chapman, 2000) . PLD has been implicated by others in the signal transduction pathway of guard cells in response to ABA (Jacob et al., 1999; Sang et al., 2001) . Recent transgenic approaches with plants devoid of PLD␣ activity clearly demonstrated that abrogation of PLD␣ activity delayed the ABA-induced closure of stomata and resulted in profound physiological effects in plants exposed to drought stress (Sang et al., 2001) . Our results are consistent with these findings and they indicate that selective biochemical inhibition of PLD␣ by NAEs results in an interference with ABA-induced stomatal closure (Tables II-IV) . In addition, our results continue to point to a general role for PLD␣ in ABA signaling as has been inferred from studies with a number of plants systems (Fan et al., 1997; Ryu et al., 1997; Ritchie and Gilroy, 1998; El Maarouf, 1999; Jacob et al., 1999; Frank et al., 2000) . Membrane-permeable NAEs should provide a new biochemical tool for the dissection of PLD␣ physiological function(s) in plants. Moreover, the results presented here suggest that PLD␣ may be at least one molecular target for endogenously produced NAEs in higher plants.
MATERIALS AND METHODS
Chemicals
Dioleoyl-[2 14 C-oleoyl]glycero-3-phosphorylcholine (57 mCi mmol Ϫ1 ) was purchased from NEN Life Sciences (Boston). Soybean PC, PIP 2 , phosphatidylethanolamine(dioleoyl), acyl chlorides, ampicillin, abscisic acid (Ϯ, cis/trans), lauric acid, phenylmethylsulfonyl fluoride, cabbage (Brassica oleracea) PLD Type V, Streptomyces chromofuscus PLD, bovine serum albumin, Coomassie Brilliant Blue, and isopropyl ␤-d-thiogalactoside were from Sigma Chemical. All other reagents were purchased from Fisher Scientific (Pittsburgh) unless otherwise specified.
Synthesis of NAEs
NAEs were synthesized by the addition of 25 mg of acyl chloride in 2.5 mL of dichloromethane to 2.5 mL of ethanolamine according to Devane et al. (1992) . The reaction was allowed to proceed for 15 min at room temperature with gentle swirling. The reaction was stopped by the addition of 10 mL of ultrapure water. The organic layer was collected and washed two additional times with 10 mL of ultrapure water. Samples were dried under a stream of N 2 , resuspended in methanol as stock solutions, purified by preparative TLC as necessary, and stored at Ϫ20°C. NAE yield and purity were determined by gas chromatography-mass spectrometry .
Expression of PLD in Escherichia coli
The recombinant castor bean (Ricinus communis) PLD␣ and Arabidopsis PLD␤ and ␥ in pBluescript (SKϪ) were provided by Dr. X. Wang (Kansas State University, Manhattan). PLDs were expressed in E. coli (JM109) cells and were assayed in cell-free lysates essentially as described by Pappan et al. (1997) . In brief, PLDs were induced by the addition of 2 mm isopropyl ␤-d-thiogalactoside to E. coli cultures (25 mL), which were then grown overnight at 30°C. Cells were harvested by centrifugation and were washed with 50 mm Tris-HCl, pH 8, 150 mm NaCl, 0.25 mm phenylmethylsulfonyl fluoride, and 2 mm EDTA. Cells were ruptured by sonication, and lysates were centrifuged at 10,000g for 5 min. Supernatants were assayed for PLD activity and protein content.
PLD Activity Assays and NAE Inhibition Studies
PLD isoforms were assayed under two different sets of conditions previously determined to yield optimal activity for the respective recombinant proteins and to distinguish between the biochemical requirements for the PLDs (Pappan et al., 1998; Wang, 2001a) . PLD␣ activity was measured in high calcium, PIP 2 -independent conditions, whereas PLD␤ and ␥ were assayed in the presence of micromolar calcium, and in the presence of PIP 2 . For castor bean and cabbage PLD␣ (and for Streptomyces chromofuscus PLD), hydrolysis of radiolabeled PC was used to assess enzyme activity. For PLD␤ and ␥ isoforms, transphosphatidylation of radiolabeled PC in the presence of 1% (v/v) ethanol was used to estimate the relative PLD activity of these isoforms. Enzyme reactions for PLD␣ were in 100 mm MES (pH 6.5), 25 mm CaCl 2 , 0.5 mm SDS, and 0.4 mm lipid vesicles (soybean PC plus 0.02 Ci dioleoyl [sn2-oleoyl [1-14 C] PC). Enzyme reactions for PLD␤ and ␥ were in 100 mm MES (pH 7.0), 0.05 mm CaCl 2 , 80 mm KCl, and 0.4 mm lipid vesicles (16 nmol 14 C-PC same as above, 112 nmol dioleoylPE, and 6 nmol PIP 2 ) in a final volume of 0.15 mL. The various NAE types were introduced into the reaction with other lipids, or from stock solutions in 67% (v/v) DMSO that were diluted to the appropriate final concentration (see below). Controls with appropriate final amounts of DMSO did not differ appreciably in activity from those without DMSO (final DMSO concentration was generally less than 0.1%, v/v). PLD reactions were initiated by the addition of enzyme and were stopped with boiling isopropanol. Lipids were extracted into CHCl 3 , and radioactivity was quantified by radiometric scanning of lipid classes separated on TLC plates and/or by liquid-scintillation counting as described previously (Pappan et al., 1998) . Protein content was estimated according to Bradford (1976) using bovine serum albumin as a standard.
Measurements of Stomatal Pore Diameter
Epidermal cell layers were peeled with forceps from the lower epidermis of leaves of tobacco (Nicotiana tabacum cv Xanthi) and of Commelina communis. Tobacco plants were greenhouse grown (16-h daylength, supplemented with high-intensity sodium lamps when warranted), and leaves (fourth emerged leaf, not fully expanded) were harvested from 6-to 10-week-old plants. C. communis plants were purchased from a local garden center and acclimated for 2 weeks to the same greenhouse conditions as tobacco prior to harvest of stems with newly emerged leaves. Plant material was harvested and placed in distilled water for 1 h under white light (125 mol m Ϫ2 s Ϫ1 ) in a growth chamber. Epidermal layers were peeled from turgid leaves and were floated on 0.5 mL of 5 mm MES-KOH (pH 6.1), 22 mm KCl, and 1 mm CaCl 2 for 1 to 2 h under the same light conditions (Sang et al., 2001) .
Epidermal layers with uniformly opened stomata were transferred randomly to the above buffer alone (including 0.067% [v/v] DMSO as a control), buffer plus ABA (0.02 mm, Ϯ cis/trans), or buffer plus ABA (0.02 mm) and NAE 12:0 (0.001 or 0.01 mm). In some experiments, lauric acid (a 12:0 free fatty acid) at 0.01 mm was used to compare with NAE 12:0. Lipids were dissolved as 10 mm stock solutions in 67% (v/v) DMSO (warmed to 45°C prior to each experiment), and were diluted to appropriate final concentrations just before each experiment. Likewise, ABA was dissolved as a 10 mm stock solution in 10% (v/v) DMSO, and was diluted to the appropriate final concentration just before each experiment.
Two to three peels (approximately 0.5-1 cm 2 each) were routinely floated on 0.5 mL of experimental solution on large glass cover slips in petri dishes under light conditions above. Images were taken at appropriate time intervals of random locations over each preparation (7-15 independent views for each time point) using an inverted microscope (Diaphot TMD, 20ϫ objective lens, 0.4 numerical aperture; Nikon, Melville, NY) fitted with a CCD camera (model C2400 75i; Hamamatsu, Hamamatsu City, Japan). Stomatal diameters, including guard cell walls, were calculated after the experiments from calibrated digital images using morphometric imaging software (Metamorph 4.6r3; Universal Imaging, West Chester, PA). For tobacco, about 10 stomata could be visualized in each view, and for C. communis, about three stomata were visible in each view. This approach allowed for rapid, efficient evaluation of large numbers of stomata in each treatment at each time point with epidermal preparations harvested and treated under identical conditions. Subsequent statistical comparisons (unpaired t test) of mean pore diameter were performed with software (SigmaPlot version 6.0; SPSS, Chicago or Kaleidograph version 3.5; Synergy Software, Reading, PA). For some experiments, epidermal peels were placed in the dark for the duration of the experiment as an additional control to verify that guard cells were responding appropriately.
